Adoptive T-cell transfer has achieved significant clinical success in advanced melanoma. However, therapeutic efficacy is limited by poor T-cell survival after adoptive transfer and by inefficient trafficking to tumor sites. Here, we report that intratumoral expression of the chemokine CCL21 enhances the efficacy of adoptive T-cell therapy in a mouse model of melanoma. Based on our novel observation that CCL21 is highly chemotactic for activated OT-1 T cells in vitro and down-regulates expression of CD62L, we hypothesized that tumor cell-mediated expression of this chemokine might recruit, and retain, adoptively transferred T cells to the sites of tumor growth. Mice bearing metastatic tumors stably transduced with CCL21 survived significantly longer following adoptive T-cell transfer than mice bearing non-CCL21-expressing tumors. However, although we could not detect increased trafficking of the adoptively transferred T cells to tumors, tumor-expressed CCL21 promoted the survival and cytotoxic activity of the adoptively transferred T cells and led to the priming of antitumor immunity following T-cell transfer. To translate these observations into a protocol of real clinical usefulness, we showed that adsorption of a retrovirus encoding CCL21 to OT-1 T cells before adoptive transfer increased the therapeutic efficacy of a subsequently administered dose of OT-1 T cells, resulting in cure of metastatic disease and the generation of immunologic memory in the majority of treated mice. These studies indicate a promising role for CCL21 in enhancing the therapeutic efficacy of adoptive T-cell therapy. [Cancer Res 2007;67(1):300-8] 
Introduction
Adoptive T-cell therapy has emerged as a promising therapeutic strategy in the clinic to treat cancer (1, 2) having been validated in numerous animal models (3) (4) (5) . In the clinical setting, adoptive transfer involves the recovery of autologous tumorinfiltrating lymphocytes, their expansion ex vivo, and subsequent re-administration into a patient where, ideally, they traffic to, and specifically lyse, antigen-expressing tumor cells. T-cell activation and expansion is achieved ex vivo, allowing for, at least in theory, the transfer of a large number of selected cells with high avidity for tumor antigens. Moreover, the patient's immune system can be further manipulated to optimize the therapy by using strategies such as prior vaccinations with tumor antigens and lymphodepletion (6, 7) . However, adoptive transfer is not without its limitations. Notably, the persistence, trafficking, and maintenance of the effector functions of adoptively transferred cells in vivo can all be limiting (8) . In this respect, because chemokines orchestrate the extravasation and directional migration of various leukocytes (9, 10), we hypothesized that expression of specific chemokines at a tumor site, in combination with adoptive T-cell transfer, might address some of the current limitations of this therapy.
CCL21, also known as secondary lymphoid chemokine or 6Ckine, has classically been known as a lymphoid chemokine that is mainly and constitutively expressed by lymphatic vessels (11, 12) , stromal cells in the spleen and appendix, and by high endothelial venules in lymph nodes and Peyer's patches (13) (14) (15) (16) . CCL21 binds to the chemokine receptors CCR7 and CXCR3, and is chemotactic for mature dendritic cells, as well as naive and memory T cells (17) (18) (19) (20) (21) . Of particular interest to its role as a potentiator of adoptive T-cell transfer therapies, CCL21 also mediates the extravasation of lymphocytes from the bloodstream into the periphery due to its ability to induce integrin-dependent arrest of rolling lymphocytes on high endothelial venules (22) . Indeed, a critical role for CCL21 in lymphocyte homing is illustrated by the mutant mouse strain, paucity of lymph node T cells (plt), in which expression of CCL21 is abrogated, resulting in a failure of T cells and dendritic cells to migrate to lymph nodes, Peyer's patches, and the spleen (23, 24) .
Given the ability of CCL21 to direct the migration of mature dendritic cells to colocalize with, and subsequently prime, naive T cells, engineering CCL21 expression has been used to enhance the priming of antitumor immune responses. Thus, intratumoral injections of dendritic cells modified to express CCL21 resulted in growth inhibition of murine lung cancers and B16 melanomas (25, 26) . Colon carcinomas transduced to overexpress CCL21 also showed a CD8 T cell-dependent reduction in tumorigenicity in immunocompetent mice (27) . Here, we report the novel observation that CCL21 is strongly chemotactic not only for naive T cells, but also for activated T cells. In the light of these findings, we hypothesized that it may be possible to exploit CCL21 expression in vivo to augment the effector arm of the antitumor response within the context of adoptive transfer of activated T cells for tumor therapy.
Specifically, we proposed that it would be possible to enhance the efficacy of adoptive T-cell therapy by overexpressing CCL21 intratumorally, thereby directing the migration of effector T cells to the tumor site, resulting in greater tumor cell killing. In this report, we used a murine model of adoptive T-cell transfer to treat malignant melanoma. The OT-1 mouse strain is on a C57BL/6 background (H2b) and expresses a transgenic T-cell receptor Va2 specific for the SIINFEKL peptide of the chicken ovalbumin protein in the context of MHC class I, H2-Kb. B16ova tumor cells are derived from the B16 melanoma cell line and express the ovalbumin antigen. These cells present the SIINFEKL epitope of ovalbumin in the context of H2-Kb MHC class I molecules to OT-1 T cells (28) . We show here that mice bearing established metastatic B16ova tumors engineered to overexpress CCL21 survived significantly longer than mice bearing B16ova metastases when treated with a single dose of adoptively transferred activated OT-1 T cells. However, in contrast to our in vitro data, CCL21 enhanced the efficacy of adoptively transferred T cells by means other than promoting trafficking to tumor sites. Thus, tumor cell-expressed CCL21 promoted the survival of OT-1 T cells in vitro, as evidenced by increased expression of Bcl-2, and enhanced their ability to kill B16ova target cells. Similarly, tumor expression of CCL21 increased the activity and longevity of adoptively transferred T cells in vivo and primed antitumor T-cell responses in combination with adoptive T-cell transfer.
Finally, we sought to translate these data into a protocol with potential clinical usefulness. We have previously shown that retroviral particles are able to adsorb to the surface of OT-1 T cells in vitro and be released upon T-cell activation in vivo, leading to direct infection of antigen-bearing target cells in a contact-dependent manner via a process we call ''hitchhiking and handoff '' (29, 30) . Treatment of mice bearing metastatic B16ova disease with OT-1 cells hitchhiking CCL21 retroviral particles increased the therapeutic efficacy of a subsequently administered dose of OT-1 T cells compared with pretreatment with OT-1 T cells alone, and resulted in 90% of animals being cured; the majority of these cured mice also developed protective immunologic memory against rechallenge with tumor. Our data support a promising and novel role for CCL21 in enhancing the therapeutic efficacy of adoptive T-cell therapy in a clinically translatable manner.
Materials and Methods
Cell lines. The murine melanoma B16 line has been described previously (31) . B16ova melanoma cells (H2k b ) were derived from B16 cells by transduction with a cDNA encoding the ovalbumin gene (32) . B16ova served as the parental cell line to derive B16ovaCCL21. Briefly, the murine CCL21 gene was cloned into the pCDNA3.1 Hygro plasmid and transfected into B16ova cells. Clones were grown in DMEM 10% fetal bovine serum (FBS) at 37jC 10% CO 2 , selected in Hygromycin (200 Ag/mL) and G418 (5 mg/mL), and screened by ELISA specific for CCL21 (R&D Systems, Minneapolis, MN). All cell lines were free of Mycoplasma infection.
Mice. C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) at 6 to 8 weeks of age. OT-1 mice are transgenic mice whose T cells recognize the SIINFEKL peptide from the chicken ovalbumin protein in the context of H-2K b (28) . Antibodies and flow cytometry. Anti-CD8b FITC, anti-CD8 phycoerythrin, anti-CD25 phycoerythrin, anti-CD44 phycoerythrin, anti-CD45 peridinin chlorophyll protein, anti-CD62L allophycocyanin, anti-Bcl-2 FITC, and the isotype controls were purchased from BD PharMingen (San Diego, CA). For flow cytometry, fluorescence data were collected on FACScan apparatus (Becton Dickinson, San Diego, CA) and analyzed using CELLQUEST software.
Intracellular staining for Bcl-2. OT-1 T cells were harvested, washed, and stained with anti-CD8 phycoerythrin. Cells were then permeabilized using the Cytofix/cytoperm kit (Becton Dickinson, PharMingen, San Diego, CA) as per manufacturer's instructions, washed with the perm/wash buffer provided, and then stained with Bcl-2 FITC. Isotype-matched, FITC-tagged control were also included for each individual sample.
Ex vivo CTL activation and adoptive transfer. Single-cell suspensions of spleens and lymph nodes harvested from OT-1 mice were prepared by standard techniques. The cell suspension was treated with RBC lysis buffer, washed with PBS, counted, and plated at 2.5 Â 10 6 cells/mL in OT-1 medium [Iscove's modified Dulbecco's medium (IMDM) 5% FBS, 50 Amol/L h-mercaptoethanol, 1% penicillin/streptomycin] plus 50 IU of recombinant human interleukin-2 (IL-2) per milliliter and 1 Ag/mL of SIINFEKL peptide for 3 days at 37jC 5% CO 2 . For adoptive transfer, cells were harvested, washed with PBS, layered over Ficoll (Lympholyte-M, Cedarlane, Canada), and centrifuged for 20 min at 2,000 rpm at 20jC. The cells were washed thrice with PBS and resuspended at the concentration required for the study. Phenotypic analysis by flow cytometry showed a population of activated CD8 T cells that were CD3 low CD44 high CD25 high , with minimal contamination from other cell types.
Chemotaxis of naive and activated T cells. Naive CD8 OT-1 T cells were isolated from spleens and lymph nodes of OT-1 mice; single-cell suspensions were prepared and purified using CD8 magnetic cell sorting beads (Miltenyi Biotec, Auburn, CA). Activated CD8 + OT-1 T cells were prepared as described above. For the chemotaxis assay, 5 Â 10 5 cells (naive or activated OT-1 T cells or B16ova tumor cells as a negative control) were resuspended in 50 AL of medium [DMEM or IMDM, supplemented with 0.5% bovine serum albumin (BSA)] and were loaded on the top filter of the chemotaxis chamber (96-well Chemotx, 5-Am pore size, Neuroprobe, Gaithersburg, MD). Increasing concentrations of rmCCL21 (1-100 ng/mL), or supernatants from the B16ova or B16ovaCCL21 cell lines collected in medium supplemented with 0.5% BSA, were placed in the bottom wells of the chemotaxis chamber in a final volume of 320 AL. After incubation for 2.5 h at 37jC 5% CO 2 , 150 AL of medium were removed from the lower chamber, with precautions taken not to disturb the cells that had migrated. The viable cells migrating to the lower chamber were quantified using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) proliferation kit from Roche (Indianapolis, IN). Briefly, 10 AL of the MTT reagent 1 were added to the cells in the lower chamber. Four hours later, 100 AL MTT reagent 2 were added. The plate was read at 575 nm 24 h later. The chemotactic index (CI) was calculated as follows: CI = (absorbance of celltype A migrating toward sample) / (absorbance of cell-type A migrating toward medium alone).
In vitro survival assay. Three-day activated OT-1 T cells were collected, as described above, and resuspended in OT-1 medium alone, medium supplemented with 100 ng/mL rmCCL21, or supernatants from B16ova or B16ovaCCL21 grown in OT-1 medium at 5 Â 10 4 cells per well in a 96-well plate. The cells were cultured for an additional 24, 48, and 72 h, and survival was quantified at each time point using the MTT proliferation kit as described earlier. The plate was read 1 day after the 72-h time point.
Chromium 51 release assay. For preparation of target cells, 5 Â 10 6
B16ova or B16 cells were labeled with 100 ACi of Cr 51 for 90 min at 37jC, washed thrice with medium, and resuspended at 5 Â 10 5 /mL. Targets were plated at 5 Â 10 4 cells per well in 96-well V-bottomed plates. For preparation of effector cells, 3-day activated OT-1 cells were isolated and cultured with OT-1 medium alone; the medium was supplemented with 100 ng/mL rmCCL21; or supernatants from B16ova or B16ovaCCL21 were grown in OT-1 medium at 2.5 Â 10 6 cells per well in a 24-well plate. After 48 h in culture, cells were collected, washed, and cocultured with targets in triplicate at effector-to-target ratios starting at 100:1. The cocultures were incubated for 4 h at 37jC 5% CO 2 . Thirty-two microliters of coculture supernatants were then collected and added to Lumiplates (Packard, Pangbowne, United Kingdom). Plates were allowed to dry overnight and were then read. Percentage of lysis was determined as indicated: % lysis = ([sample lysis À spontaneous] / [maximum lysis À spontaneous]) Â 100.
ELISPOT assay. Spleens and draining lymph nodes were harvested from mice challenged s.c. with 5 Â 10 5 B16ova or B16ovaCCL21 tumor cells, 2 or 5 days after a single dose of 10 7 activated OT-1 T cells. Cells (2.5 Â 10 5 ) were plated into each well of a 96-well plate and were restimulated for 48 h at 37jC 5% CO 2 under the following conditions: OT-1 medium alone, medium + 50 IU/mL recombinant human IL-2, medium + SIINFEKL peptide, medium + Trp2 peptide, and medium + gp100 peptide (all peptides at 5 mg/mL). Peptide-specific IFN-g-positive spots were detected according to the manufacturer's protocol (Mabtech, Mariemont, OH) and were quantified using an ELISPOT plate reader.
In vivo experiments. (up to 10 7 cells per injection) starting at 7 days after tumor establishment. For survival studies, tumor diameter in two dimensions was measured thrice weekly using calipers, and mice were killed when tumor size was f1.0 Â 1.0 cm in two perpendicular directions (s.c. tumors) or at the first sign of any distress (metastatic disease).
Generation of retroviral stocks. The C-type retroviral vectors used were MFG-GFP and MFG-CCL21, which express green fluorescent protein (GFP) or CCL21, respectively, from the MLV long terminal repeat. C-type vectors were packaged into viral particles by transfection of 5 Ag of plasmid DNA into the 293INT cell line, which stably expresses the Mo-MLV gag and pol genes but no envelope (F. Loic-Cosset, Laboratoire de Vectorologie Retrovirale et Therapie Genetique, Institut National de la Sante et de la Recherche Medicale U412, Lyon, France.). 293INT cells were also transfected with 5 Ag of plasmid encoding the amphotropic 4070A envelope proteins (33) . Transfections were carried out using Effectene (Qiagen, Valencia, CA) according to the manufacturer's instructions. Cell supernatants containing enveloped virus 4070A-GFP or 4070A-CCL21 were recovered 48 to 72 h after transfection, filtered (0.45 Am), and then either used directly or were frozen at À80jC.
In vitro loading of OT-1 T cells with retroviral particles. In vitro loading of OT-1 T cells with retroviral particles was carried out as previously described by our laboratory (29) . Briefly, activated OT-1 T cells were pelleted and gently resuspended at 4jC for 4 h, in the smallest volume of serum-free viral supernatant possible. Cells were washed thrice in PBS at 4jC. Virusloaded T cells were pelleted, and the retrovirally loaded T cells were then used for adoptive transfer in vivo.
Statistics. Survival data from the animal studies were analyzed using the log-rank test, and the two-sample unequal variance Student's t test analysis was applied for in vitro assays. Statistical significance was determined at the level of P < 0.05.
Results
CCL21 is chemotactic for activated OT-1 T cells and downregulates CD62L expression. To determine whether CCL21 might be used to enhance adoptive T-cell therapy, we assessed its ability to attract both naive and activated OT-1 T cells in vitro. As expected from other reports (12, 13, 34) , naive, CD8-positive OT-1 T cells migrated toward recombinant CCL21 protein in a concentration-dependent manner (Fig. 1A) . However, surprisingly, OT-1 T cells activated for 3 days with SIINFEKL in the presence of IL-2 also migrated toward recombinant CCL21 (Fig. 1A) , and more robustly than naive T cells at high concentrations of CCL21. Activated OT-1 T cells also migrated similarly toward supernatants from B16ova tumors engineered to overexpress CCL21 (data not shown). We also examined the response to CCL21 expression of various cell surface molecules on activated OT-1 T cells. Activated OT-1 T cells grown in CCL21-containing supernatants from a stable CCL21-expressing B16ova clone consistently down-regulated expression of CD62L, a cell surface molecule critical for homing to lymph nodes, compared with T cells cultured in B16ova supernatants (Fig. 1B) . Other markers of activation, such as CD25 and CD44, were not affected by growth in CCL21 (data not shown). From these data, we hypothesized that CCL21 increases the efficacy of adoptively transferred T-cell therapy both by enhancing the trafficking of adoptively transferred T cells to tumors and by promoting their retention in the tumor by down-regulating CD62L.
CCL21 expression combined with adoptive transfer significantly prolongs survival of mice bearing lung metastases. To test this hypothesis, lung metastases were established in immunocompetent C57BL/6 mice by i. adoptive T-cell therapy (Fig. 2) . These results indicate that, in the setting of metastatic disease, the combination of tumor cellmediated CCL21 expression and adoptive transfer of activated T cells prolongs survival significantly compared with adoptive transfer or overexpression of CCL21 alone.
CCL21 increases the longevity of adoptively transferred T cells. We investigated whether CCL21 expression by tumor cells enhanced the efficacy of adoptive T-cell transfer by increasing trafficking of OT-1 T cells to B16ovaCCL21 tumors in vivo as suggested by our in vitro results (Fig. 1) . Seven days following seeding of B16ova or B16ovaCCL21 metastases, mice received 1 Â 10 7 activated carboxyfluorescein diacetate, succinimidyl ester (CFSE)-labeled OT-1 T cells or PBS; then, 24 or 48 h later, lung metastases were analyzed by flow cytometry for the presence of adoptively transferred cells. OT-1 T cells were not significantly increased in number at either time point in B16ovaCCL21 tumors compared with B16ova tumors (data not shown), suggesting that increased trafficking to CCL21-overexpressing tumors did not account for the observed therapeutic efficacy.
However, ELISPOT analysis on spleens and draining lymph nodes harvested from mice bearing B16ovaCCL21 tumors 24 h after adoptive transfer showed an increased proportion of IFN-gproducing cells upon restimulation with SIINFEKL, compared with spleens and lymph nodes of mice bearing B16ova tumors (Fig. 3A) . Splenocytes from mice that did not receive adoptively transferred cells showed no significant reactivity to SIINFEKL restimulation regardless of tumor type (data not shown). We observed similar results when mice bearing s.c. B16ova or B16ovaCCL21 tumors were treated in the same way (data not shown). These data suggest that expression of CCL21 intratumorally enhances the longevity and/or the proliferation of adoptively transferred OT-1 cells in vivo. Consistent with these observations, activated OT-1 T cells cultured in the presence of recombinant CCL21 survived, and/or proliferated, significantly better than activated OT-1 T cells grown in the absence of CCL21 (Fig. 3B) . However, in vitro CFSE labeling of OT-1 cells did not indicate increased levels of proliferation in the presence of CCL21 (data not shown). Similar results were observed for OT-1 T cells grown in the presence of supernatants from the B16ovaCCL21 tumor cell line compared with supernatants from the B16ova cell line (data not shown). Thus, increased survival of T cells may, in part, account for the enhanced efficacy of adoptive therapy in the presence of CCL21 in vivo.
To investigate whether these effects were mediated through increased T-cell survival, levels of the antiapoptotic survival factor Bcl-2 were measured in OT-1 T cells cultured in the presence, or absence, of recombinant CCL21. OT-1 T cells grown in recombinant CCL21 at doses ranging from 50 to 1,000 ng expressed levels of Bcl-2 comparable with OT-1 treated with IL-15, a known survival factor for OT-1 T cells (a single representative histogram is shown in Fig. 3C ). Bcl-2 expression was also increased when OT-1 were grown in supernatant from B16ovaCCL21 cells compared with supernatants from B16ova cells. Finally, coculture with B16ovaCCL21 tumor cells also increased levels of Bcl-2 in OT-1 T cells compared with OT-1 grown alone or with B16ova cells (Fig. 3C ). These data suggest that CCL21 acts as a survival factor for activated T cells.
CCL21 and adoptive T-cell transfer primes endogenous T-cell responses against tumor antigens. Spleens and draining lymph nodes from mice bearing B16ovaCCL21 tumors, harvested 5 days after a single dose of activated adoptively transferred OT-1 T cells, contained significantly more IFN-g-producing cells after restimulation with SIINFEKL than did spleens and lymph nodes from mice bearing B16ova tumors (Fig. 3D) , consistent with our previous data. However, B16ovaCCL21 tumor-bearing mice treated with OT-1 T cells also developed T cells specific for the tumorassociated antigens Trp2 and gp100 (Fig. 3D) . Importantly, no such reactivity was observed in spleens or lymph nodes from B16ova-or B16ovaCCL21 tumor-bearing mice in the absence of adoptive T-cell transfer (data not shown). These data indicate that tumorexpressed CCL21, combined with adoptive T-cell therapy, generates endogenous effector T-cell responses directed against tumorassociated antigens separate from those against which the adoptively transferred T cells are specific.
CCL21 enhances OT-1 cytotoxicity in vitro. OT-1 T cells activated for 3 days with SIINFEKL and IL-2, and then cultured with recombinant CCL21 for 48 h, lysed B16ova targets at high effector-to-target ratios more effectively than activated OT-1 grown in medium alone (Fig. 4) . Therefore, in addition to promoting the survival of OT-1 T cells in vitro and in vivo, CCL21 also enhanced the cytotoxicity of T cells.
Systemic delivery of CCL21 by T cells increases efficacy of adoptive T-cell therapy. Our overall aim is to develop therapies that can be used in a truly systemic manner to treat metastatic disease, in which pretransduction of patient tumors with CCL21 will not be possible. We recently showed that retroviruses can be adsorbed to the surface of OT-1 T cells in vitro and be released upon T-cell activation in vivo to infect antigen-expressing tumor cells in a contact-dependent manner (a process we call Twenty-four hours later, spleens and lymph nodes were harvested from mice (n = 3) and were cultured with IL-2 or the indicated peptides. Spots were developed and quantified on the ELISPOT plate after 48 h. Columns, fold increase in number of spots per well over number of spots from the unstimulated control. Average of three mice per group. B, 5 Â 10 4 activated OT-1 T cells were plated per well in a 96-well plate in triplicate in the presence of 100 ng rmCCL21 protein or in medium alone for 24, 48, or 72 h. At each time point, cell viability was assessed using the MTT assay. Columns, absorbance, read at 650 nm, at each time point. Representative of at least three independent experiments. C, 10 6 activated OT-1 T cells were plated per well in a 24-well plate in OT-1 medium alone, IL-2, IL-15, rCCL21, supernatant from B16ova or B16ovaCCL21, or in the presence of 10 6 B16ova or B16ovaCCL21 tumor cells. OT-1s were harvested 48 h later, stained for intracellular Bcl-2, and analyzed by flow cytometry. Bcl-2 expression was assessed on CD8 + T cells and depicted in histogram form compared with the isotype control for each sample (shaded area, isotype control; black line, intracellular Bcl-2). D, C57BL/6 mice were challenged with 5 Â 10 5 B16ova or B16ovaCCL21 tumor cells s.c. and received a single dose of 10 7 activated OT-1 T cells 7 days later. Five days later, spleens and lymph nodes were harvested from mice (n = 2) and were restimulated with IL-2 or peptide under the indicated conditions. Spots were developed and quantified on the ELISPOT plate after 48 h. Columns, fold increase in number of spots per well over number of spots from cells from the unstimulated control. Average of two mice per group. T cells; however, there were no long-term survivors (data not shown). In contrast, 90% (n = 10) of mice treated with two doses of OT-1 (4070A-CCL21) T cells survived the initial tumor challenge, compared with 10% of animals treated with two doses of OT-1 (4070A-GFP; Fig. 5 ). Five of the nine mice that survived the treatment with OT-1 (4070A-CCL21) cells also survived subsequent tumor rechallenge (Table 1) , consistent with our previous data that CCL21 intratumoral expression confers longterm memory on cured mice. In addition, the four mice that succumbed to tumor rechallenge did so at a significantly delayed rate compared with controls (Table 1) . These results show that expression of CCL21 can be transferred to metastatic tumors, in a fully immunocompetent host, using adoptive T-cell therapy; can both enhance the therapeutic efficacy of subsequently transferred, unmodified T cells; and can generate immunologic memory in the majority of responding mice.
Discussion
Previous studies reported that CCL21 provides survival signals to, and is chemotactic for, both mature dendritic cells and naive T cells that express the cognate receptor CCR7 (22) (23) (24) (25) . However, a role for CCL21 in the biology of activated effector T cells has not been previously reported. Indeed, it might be unexpected given that activated T cells are thought to down-regulate CCR7 expression. However, we observed that both recombinant CCL21 protein and supernatants from the B16ovaCCL21 tumor cell line were chemotactic for OT-1 T cells with an activated phenotype (i.e., CD8 + CD3 low CD25 hi CD44 hi ; Fig. 1A ). In addition, activated T cells cultured in the presence of CCL21 displayed a moderate, but reproducible, reduction of cell surface CD62L (L-selectin), a molecule critical for homing to lymph nodes (Fig. 1B; ref. 22) . Therefore, we hypothesized that tumor cell expression of CCL21 may promote trafficking to, and retention of, effector cells at the tumor site.
By using the B16ova/OT-1 model of adoptive T-cell transfer therapy for metastatic melanoma, we established a suboptimal regimen of OT-1 dosing such that tumors were not cured by the T cells alone. In this model, but in the absence of adoptive T-cell therapy, stable expression of CCL21 in lung metastases significantly prolonged survival compared with mice bearing B16ova tumors alone, indicating that CCL21 exerts antitumor effects, consistent with previous reports (25) (26) (27) . When we added a single, suboptimal dose of OT-1 therapy, mice bearing B16ovaCCL21 metastases survived significantly longer than mice bearing B16ova metastases (Fig. 2) . Given our earlier in vitro findings, we hypothesized that CCL21 expression in lung metastases might act to attract, and retain, adoptively transferred T cells to the tumor site, leading to more efficient tumor cell killing. However, we were unable to detect any difference in the trafficking of CFSE-labeled CD8 + OT-1 T cells to B16ovaCCL21, or B16ova, lung metastases in vivo either 24 or 48 h after adoptive transfer (data not shown). These data suggested that CCL21 was enhancing the efficacy of adoptive therapy by means other than promoting increased T-cell trafficking.
Signaling through the CCL21 receptor CCR7 promotes survival of both mature dendritic cells (15) and activated T cells (16) by maintaining the expression of the prosurvival protein Bcl-2. Therefore, we investigated whether exposure to CCL21 would enhance the survival of activated OT-1 T cells in vivo. ELISPOT analysis on spleens and draining lymph nodes harvested from mice bearing B16ovaCCL21 tumors 24 h after adoptive transfer showed an increased proportion of IFN-g-positive cells upon restimulation with SIINFEKL (Fig. 3A) compared with mice bearing B16ova tumors alone following adoptive transfer. At the same time point, only background levels of IFN-g-secreting cells were present in mice bearing either tumor type but not receiving adoptive transfer (data not shown). Therefore, we believe that this assay was detecting increased persistence/numbers of adoptively transferred cells in the context of a tumor expressing CCL21. To address the issue of whether CCL21 was promoting increased T-cell proliferation or survival, we showed increased survival, without obvious proliferation, of activated OT-1 T cells in the presence of CCL21 in vitro by the MTT assay (Fig. 3B) . Indeed, Bcl-2 expression in activated OT-1 T cells was detectable only in the presence of CCL21, at levels comparable with those seen in OT-1 T cells treated with IL-15 ( Fig. 3C) , a factor known to promote survival of the memory T-cell subset by increased Bcl-2 expression (35) . Thus, increased survival of adoptively transferred T cells, through enhanced expression of Bcl-2, may in part account for the enhanced efficacy of adoptive therapy in the presence of CCL21. We also observed that OT-1 T cells grown in the presence of CCL21 displayed a modest, but significant, increase in target cell killing, which was dependent on the presence of the ovalbumin antigen. The biological significance of these results are not entirely clear, because increased cytotoxicity was observed at high effector-to-target ratios (which are unlikely to be achieved in vivo at the tumor site).
Therefore, taken together, our data suggest that it is likely to be the combination of direct effects of CCL21 on T-cell survival, longevity, and activity that leads to the overall potentiating effects that CCL21 has on adoptive T-cell therapy, rather than any of the relatively modest individual effects alone. However, our results with the use of stably transfected B16 clones expressing CCL21 also indicate that additional indirect effects of CCL21 expression by tumor cells may also contribute to the enhancement of adoptive T-cell therapy by this chemokine. Given the reported activity of CCL21 on the recruitment of antigen-presenting cells (17) (18) (19) (20) (21) , both in vitro and in vivo, increased cross priming of host antigenpresenting cells with tumor antigens from CCL21-expressing tumor cells may play a critical role in enhancing the survival/longevity and activity of adoptively transferred T cells. This is consistent with our demonstration of long-term protection generated in mice treated with OT-1 (CCL21) T cells. Therefore, we believe that the results presented here support a role for CCL21 in both direct and indirect effects on enhancing the antitumor efficacy of adoptively transferred T cells.
Consistent with this conclusion, we also observed that 5 days following adoptive T-cell transfer, spleens and lymph nodes of mice bearing B16ovaCCL21 metastases contained T cells specific for the tumor antigens Trp2 and gp100, whereas no such cells were present in mice bearing B16ova metastases treated with adoptive transfer (Fig. 3D) . Expression of CCL21 by tumors, without additional T-cell therapy, did not generate T cells reactive to these tumor antigens. Thus, overexpression of CCL21 at the tumor site, combined with the tumor cell killing induced by OT-1 T-cell therapy, induced the priming of endogenous T cell responses that were specific for antigens separate from that targeted by the adoptively transferred T cells themselves (36) . We hypothesize that the increased survival and cytotoxic capacity of OT-1 T cells that are exposed to CCL21 at the tumor site leads to greater levels of tumor cell killing (as evidenced by the greater therapeutic effects in Fig. 2 ) compared with those levels of killing in the absence of CCL21. These higher levels of tumor cell killing would then provide sufficient levels of released tumor antigen to allow cross priming of host antigen-presenting cells, possibly recruited by the CCL21 expression. In turn, this would promote T-cell priming against endogenous antigens, in addition to the ovalbumin antigen, which is the original target of the OT-1 T cells. It seems probable that the induction of these antitumor T-cell responses would also play a role in the therapeutic effects that we observed in both the stable CCL21-expressing model (Fig. 2) and the in vivo delivery model (Fig. 5) , and depletion studies to confirm this are currently under way.
Our long-term aim is to develop therapies that can be used in a truly systemic manner to treat metastatic disease, in which pretransduction of patient tumors with CCL21 will not be possible. We have previously shown that we can use OT-1 T cells to carry preadsorbed retroviral particles to the sites of (ovalbumin) antigen-positive tumor growth, where T cell activation-dependent release of the virus from the T-cell surface allows for direct infection of the tumor cells (29) . By using the appropriate retroviral envelope, transduction of the OT-1 T cells is negligible and the therapeutic effects observed are due to handoff of the preadsorbed virus to tumor cells in vivo (29) . In addition, handoff of the adsorbed virus to other tissues in the mice was undetectable by PCR (data not shown; refs. 29, 30) . Therefore, this system allows for a truly systemic delivery of vectors to disseminated disease, in fully immunocompetent hosts, without the need to access tumors directly for gene delivery. We exploited this system by hypothesizing that adoptive transfer of OT-1 T cells engineered to deliver a retroviral vector encoding CCL21 to metastatic disease would improve the efficacy of a subsequent dose of unmodified OT-1 T cells, through the ability of CCL21 to improve the longevity and activity of the OT-1 T cells that reach the tumors.
Consistent with this hypothesis, 90% of mice bearing B16ova metastases, and treated with two doses of OT-1 (4070A-CCL21) T cells, survived their tumor load when they received one additional dose of unmodified OT-1 cells. In contrast, only 10% of mice treated with OT-1 (4070A-GFP) cells were cured by the therapy (Fig. 5 ). In the model where stable CCL21-expressing B16ova clones were used along with a single dose of OT-1 for therapy, we observed no cures (Fig. 2) . In contrast, in the model using OT-1 cells to carry CCL21 vectors to tumor sites, we observed significant cures of metastatic disease using a total of three doses of OT-1 T cells. We believe that the difference in these two models is due to the increased total number of OT-1 T cells administered to the mice, based on the observations by ourselves as well as by others, that the efficacy of adoptive T-cell therapy is critically dose dependent (37, 38) . This hypothesis is supported by our observations that only a single dose of OT-1 (4070A-CCL21) T cells, before a second dose of unmodified OT-1, resulted in a small, but significant, prolongation in survival time compared with treatment with OT-1 (4070A-GFP) T cells; however, there were no long-term survivors. Therefore, we believe that overall therapy is critically dependent on both dose of OT-1 and the presence of CCL21 expressed at the tumor site. We have previously shown that between 5% and 10% of the tumor cells that survive cytolysis in vivo by the adoptively transferred OT-1 T cells become transduced by the preadsorbed retroviral vector carried by the T cells (30) . We have not yet determined the minimum levels of B16ova transduction with CCL21, which are required for effective therapy; however, this question will be addressed by seeding mixtures of different proportions of stable CCL21 transfectants along with parental B16ovacells as tumors in vivo. Furthermore, five of nine surviving mice survived subsequent tumor rechallenge, whereas mice in the control groups all succumbed (Table 1) . Hence, and consistent with our previous results, the combination of tumor-expressed CCL21 and T-cell killing in vivo generated immunologic memory in the majority of responding mice. We are currently investigating whether this immunologic memory is directed solely against the ovalbumin antigen or if it encompasses other B16-specific antigens (such as TRP-2 and gp100), which would be suggested by the ELISPOT analyses of Fig. 4 . In the studies reported here, we used clonal populations of T cells (OT-1) with defined specificity for a model tumor-associated antigen (ovalbumin). Clearly, this animal model is rather artificial and, in general terms, animal models do not necessarily predict what will happen in the clinical setting; nonetheless, we do foresee a direct route to clinical translation of our results. Thus, polyclonal T-cell populations with often undefined specificities can be recovered from patient tumors, expanded in vitro to large numbers, and adoptively transferred back into the patient where they localize, at least in part, to tumor sites (1, 2) . We have previously shown that, in addition to murine OT-1 T cells, human antigen-specific T cells can readily be loaded with retroviral particles, which can be delivered to cocultured tumor cells (29, 30) . Hence, we believe that our results with the OT-1 model should be relatively simply transferred into clinical protocols using viral loading, and subsequent adoptive transfer, of polyclonal human antigen-specific T-cell populations recovered from patient tumors. This would both enhance the cytotoxic activity, and persistence (39), of conventional adoptive T-cell therapies (8) and will allow delivery of vectors to systemically distributed tumors.
In summary, we have shown here that tumor cell-mediated expression of CCL21 enhances the survival and effector functions of adoptively transferred T cells. In addition, in combination with adoptive T-cell transfer, CCL21 expression leads to levels of tumor destruction sufficient to prime endogenous antitumor immune responses in vivo. Moreover, we have shown that it is possible to deliver CCL21 in a truly systemic manner, in a fully immunocompetent host, using adoptively transferred, antigen-specific T cells, without the need to access any tumor sites for direct delivery of the CCL21 gene. In this way, CCL21 can significantly enhance the therapeutic efficacy of subsequently administered doses of T cells. Studies are under way to investigate whether CCL21 needs to be expressed from tumor cells, which are the target of the T-cell therapy, or whether systemic levels of CCL21 can be achieved by other means to have the same T-cell supportive effects. Therefore, in addition to other manipulations, such as vaccinations and lymphodepletion (6, 7), CCL21 is a promising and novel reagent for use in enhancing the efficacy of adoptive T-cell transfer protocols.
